The use of antimicrobial agents is a relatively new phenomenon that arose at the start of the 20th century. In critically ill patients with microbiologically confirmed infections, the timely administration of appropriate antibiotic therapy (ie, an antibiotic regimen with activity against the causative bacterial pathogen based on in vitro testing) is associated with a lower risk of mortality. 1 Unfortunately, antibiotics are frequently prescribed to patients devoid of bacterial infection. The emergence of antibiotic resistance shortly followed the introduction of these agents, and the steady escalation of resistance up to the present has been directly associated with increasing antibiotic consumption. 2 The impact of antibiotic resistance on health care and global economics is highlighted by a recent Wellcome Trust report estimating that by 2050, > 10 million deaths will be attributed to antimicrobial resistance, greater than the number of deaths attributed to cancer. 3 Given the rise in antibiotic resistance and its link to consumption, we must carefully consider whether any new indication for antibiotics is justifiable.
Bacterial lower respiratory tract infection (BLRTI) is relatively common in patients requiring mechanical ventilation. Antibiotics have been used prophylactically and therapeutically for BLRTIs, including for ventilatorassociated pneumonia (VAP) and ventilator-associated tracheobronchitis (VAT). 4, 5 The pulmonary concentration of antibiotics is an important factor influencing clinical outcomes and the emergence of resistance. Meta-analyses of trials evaluating tigecycline have shown increased mortality relative to comparator antibiotics, including studies of hospital-associated pneumonia. 6 The use of off-label high-dose tigecycline (100 mg every 12 hours) has been shown to achieve greater clinical cure rates when compared with both approved dosing and the comparator imipenem-cilastin, suggesting that underdosing of tigecycline contributed to the poor outcomes observed in prior studies. 7 Similarly, ceftobiprole was compared with linezolid and ceftazidime in patients with hospital-acquired pneumonia/VAP and was found to be inferior, which was thought in large part to be due to underdosing in critically ill patients. 8 Moreover, in vitro studies suggest that antibiotic concentrations less than a specific threshold, termed the mutation prevention concentration (MPC), can be associated with greater emergence of antibiotic resistance, which is particularly important in the lung, given the variable penetration of antibiotics into the epithelial lining fluid (Fig 1) . 9, 10 Taken together, these data support the premise that antibiotic delivery to the lung is a key determinant of clinical cure and emergence of resistance.
The rise in BLRTI attributed to multidrug-resistant (MDR) bacteria and the inadequacy of pulmonary penetration of systemically administered antibiotics have served as the main rationale for the development of aerosolized antibiotics. 11 Most nebulizers are designed to deliver drugs to the proximal airways and not to the lung parenchyma. Deposition location in the lung is a function of particle size, usually expressed as mass median aerodynamic diameter (MMAD) (Fig 2) . Typical jet nebulizers have a variable particle size of about 5 mm MMAD. To reach distal lung units, the optimal size is about 1 to 3 mm MMAD, but no available jet nebulizer can consistently produce such a small particle size. Additionally, delivery to distal lung units is impeded by humidity in the ventilator circuit, which can cause hydroscopic growth and a rainout effect in the endotracheal tube. 11 Moreover, inherent differences in delivered aerosol between commercial nebulizer systems are significant, with differences between devices exceeding 10-fold. 12 Vibrating mesh-aperture plate nebulizers use a fixed aperture size to produce consistent AFFILIATIONS: From the Division of Pulmonary and Critical Care Medicine, Washington University School of Medicine.
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particle sizes of 2 to 3 mm MMAD and an aerosol output two to three times greater than a jet nebulizer. 13 Moreover, vibrating mesh nebulizers can be used without changing ventilator settings. Given that increasing numbers of MDR bacteria have minimum inhibitory concentrations (MICs) to carbapenems and b-lactams greater than or equal to 256 mg/L, achievable antibiotic concentrations of at least 6,400 mg/L in the lung are required to overcome the influence of sputum antagonism. 11 Large comparative studies of various aerosol antibiotic delivery devices are currently lacking and are needed, with appropriate outcome assessments.
The evidence in support of the routine use of aerosolized antibiotics for the treatment of VAP and VAT is lacking.
A recent meta-analysis concluded that there is insufficient evidence for inhaled antibiotic therapy as primary or adjuvant treatment of VAP or VAT. 14 However, only six studies with a total of 305 patients were identified as meeting full criteria for inclusion in the analysis. The authors concluded that additional better-powered randomized controlled trials are needed to assess the efficacy of inhaled antibiotic therapy for VAP and VAT. However, another meta-analysis reviewed 16 studies for the treatment of VAP with aerosolized colistin. 15 Despite the quality of evidence Figure 1 -Serum or tissue antibiotic concentration assessed over time after delivery. Drug concentrations less than the minimum inhibitory concentration (MIC) suggest that the pathogen is not susceptible, and first-step resistant mutants will not be inhibited. Drug concentrations between the MIC and the mutation prevention concentration (MPC) suggest that the pathogen is susceptible but that first-step resistant mutants will not be inhibited. Antibiotic concentrations greater than the MPC will achieve susceptibility for the pathogen as well as inhibit first-step mutant strains. The table provides estimates of the epithelial lining fluid antibiotic concentrations after parenteral administration). 9 ELF ¼ epithelial lining fluid. journal.publications.chestnet.org being graded as "very low" to "low," this meta-analysis found that clinical cure and microbiological eradication were greater with aerosolized colistin, whereas overall mortality was unaffected. Despite lacking evidence, the use of aerosolized antibiotics for BLRTI has increased over the past decade in many parts of the world, especially in countries like China and India, which have experienced dramatic increases in BLRTI attributable to MDR bacteria. 16 Unfortunately, the expanding use of colistin in these countries for the treatment and eradication of MDR bacteria has been associated with the emergence of plasmid-mediated colistin resistance. 17 The development of colistin resistance in carbapenemresistant Enterobacteriaceae, including New Delhi metallo-b-lactamase-1 strains, brings a renewed sense of urgency to minimize any further emergence of resistance and to prevent the spread of these extremely drugresistant (XDR) bacteria. 18 It can be argued that any new indication for antibiotics needs careful scrutiny, especially in environments in which MDR and XDR pathogens are already endemic. This has been the argument for restricting the routine use of selective digestive decontamination to prevent BLRTI due to concerns of further emergence of resistance. 19 For a new pharmaceutical agent to be licensed by the US Food and Drug Administration (FDA), sufficient data must be presented on preclinical safety, appropriate dose and formulation, and a defined clinical indication showing efficacy. These standards are to protect the safety of patients and to prevent the use of agents for which these parameters have not been proved.
Preferential Airway Deposition According to Aerosol Particle Size
Not one currently or previously tested aerosolized antibiotic for adjunctive use in VAP or VAT has yet to meet all these criteria. Aerosol toxicology studies have been conducted only on tobramycin solution and aztreonam lysine, both approved for use in cystic fibrosis. Aerosolized colistin has been associated with respiratory failure and can cause direct damage to lung tissue when not administered correctly, leading to potentially serious and life-threatening side effects. 20 Potential indications for the approval of adjunctive aerosol antibiotics in the treatment of BLRTI could potentially include decreased time to recovery in patients with BLRTIs sensitive to the parenterally administered antibiotic, the treatment of patients with MDR and XDR pathogens, or a decrease in the emergence of resistant bacteria. The latter may be difficult to obtain FDA approval for, as it may not have any direct benefit to the treated patient but might be an effective antibiotic stewardship tool. aerosol therapy offers advantages over single agents. The duration of treatment is also important, especially if adjunctive aerosolized antibiotics can reduce the overall duration of treatment and the emergence of resistant bacteria. Two pharmaceutical companies are currently conducting programs that are attempting to meet the FDA standards for approval (NCT01969799, NCT01799993). In Scotland, there are three possible verdicts in a criminal trial: guilty, not guilty, and not proven. I ask readers acting as the jury on the use of aerosolized adjunctive antibiotics for BLRTIs to return a verdict of "not proven." Hopefully, the ongoing clinical trials will allow a more definitive answer soon.
